Cerebral small vessel disease (SVD) contributes to 25% of ischemic strokes and 45% of dementias. We aimed to investigate the role of cerebral blood flow (CBF) and intracranial pulsatility in SVD. We scanned 60 patients with minor ischemic stroke, representing a range of white matter hyperintensities (WMH). We rated WMH and perivascular spaces (PVS) using semi-quantitative scales and measured WMH volume. We measured flow and pulsatility in the main cerebral vessels and cerebrospinal fluid (CSF) using phase-contrast MRI. We investigated the association between flow, pulsatility and SVD features. In 56/60 patients (40 male, 67.8AE8.3 years) with complete data, median WMH volume was 10.7 mL (range 1.4-75.0 mL), representing median 0.77% (0.11-5.17%) of intracranial volume. Greater pulsatility index (PI) in venous sinuses was associated with larger WMH volume (e.g. superior sagittal sinus, b ¼ 1.29, P < 0.01) and more basal ganglia PVS (e.g. odds ratio ¼ 1.38, 95% confidence interval 1.06, 1.79, per 0.1 increase in superior sagittal sinus PI) independently of age, sex and blood pressure. CSF pulsatility and CBF were not associated with SVD features. Our results support a close association of SVD features with increased intracranial pulsatility rather than with low global CBF, and provide potential targets for mechanistic research, treatment and prevention of SVD.
Introduction
Cerebral small vessel disease (SVD) is closely related to stroke and dementia 1 ; 25% of ischemic strokes are lacunar (or small vessel) in type. 2 Indeed, patients with a history of stroke, regardless of the aetiology, had significantly higher burden of white matter hyperintensities (WMH) than those without. 3 Presence of SVD also increases the risk of future stroke. SVD also accounts for 45% of dementias 4 and WMH are associated with cognitive decline. 1 Thus, understanding the mechanism of SVD is essential for preventing stroke and dementia. Reduced cerebral blood flow (CBF) has been widely proposed as the cause of SVD. However, the cross-sectional association between reduced CBF and WMH in small studies was weaker in larger studies, 5 especially when accounting for age or dementia diagnosis; in large longitudinal studies, high WMH predicted subsequent lower CBF, not the reverse. 6 Vascular stiffening may be an alternative contributor to SVD. 7 Aging and vascular risk factors are associated with loss of arterial elasticity. 8, 9 It has been hypothesised that the stiffened vessels would be less able to dampen pressure and pulsatility, leading to more pulsatile energy dissipating in the brain leading to tissue damage. 10, 11 Cerebral veins and CSF are also thought to be important compartments for compensating arterial pulse pressure. 11 An excessive, poorly dampened pulse transmitted into the arterioles, capillaries, CSF or veins, could damage the brain. 11 Some clinical studies have shown that high pulsatility in the internal carotid or middle cerebral arteries (ICA, MCA) is associated with WMH. [12] [13] [14] However, in these studies, pulsatility was assessed in one (or at most two) main cerebral arteries by ultrasound. 15 Very few studies assessed pulsatility in the arteries, veins and CSF contemporaneously in the same subjects, 16 limiting the clinical evidence.
Furthermore, perivascular spaces (PVSs) around the arterioles and venules are increasingly realised to play a fundamental role in SVD. PVS become enlarged and visible on MRI in patients with hypertension, and are associated with WMH and lacunar stroke, 17, 18 with inflammation 19 and dementia. 20 Normal cerebrovascular pulsatility has been identified as a key factor in facilitating fluid drainage from the interstitium to the PVS and thence to the extracerebral CSF and venous system. 21 However, so far, no clinical studies have measured cranial vascular pulsatility and PVS visibility. 15 Pulse-gated phase-contrast MRI is able to detect flow and pulsatility in major cerebral vessels and CSF spaces. It showed higher venous pulsatility in patients with vascular dementia, 16 and altered CSF pulsatility in the aqueduct in patients with age-related depression, 22 compared to healthy volunteers. However, these studies were small, any association between pulsatility and SVD may simply reflect co-association with age or risk factors.
In this study, we measured pulsatility and CBF in the major cerebral arteries, veins and CSF spaces using phasecontrast MRI in patients with SVD features who presented with minor ischemic stroke. We assessed the relationship between the haemodynamic indices and WMH and PVS, and hypothesised that increased intracranial pulsatility, rather than low CBF, would be associated with SVD independently of age and blood pressure.
Methods

Patient recruitment
We recruited patients prospectively with symptomatic minor (i.e. non-disabling) ischemic stroke presenting to the NHS Lothian Stroke Service (median onset-tostudy-visit time 92 days, range 32-1768 days) who were not cognitively impaired. NHS Lothian covers three major hospitals and is managed by one centralised team of stroke physicians. Diagnosis and classification of stroke were based on the combination of clinical presentation and appearance on MR brain imaging with diffusion-weighted (DWI) and other relevant diagnostic sequences, and was carefully crossedchecked by a panel of experts in stroke (FD and JMW). 'Non-disabling' was defined as not requiring assistance in activities of daily living. We excluded patients with disabling stroke, poorly-controlled diabetes mellitus (type II diabetes requiring insulin), poorly-controlled hypertension (systolic blood pressure > 220 or diastolic > 110 mmHg), chronic kidney disease (eGFR < 30 mL/min/1.73 m 2 ), chronic respiratory disease, angina or heart failure, a known family history of intracranial aneurysm, subarachnoid haemorrhage, arteriovenous malformation, any psychiatric illness that would limit compliance with study procedures (including mild cognitive impairment and dementia), and those with contraindications to MRI.
Written informed consent was obtained from all participants. The study was conducted following the UK Health Research Authority Research Ethics Committee approvals (ref. 14/EM/1126) and according to the principles expressed in the Declaration of Helsinki.
Imaging protocols
All participants were imaged on the same 1.5 Tesla MRI scanner (Signa HDxt, General Electric, Milwaukee, WI) using an 8-channel phased-array head coil). We acquired velocity images using a 2D cine phase-contrast pulse sequence with retrospective peripheral pulse gating using sequences that are similar to those in previous studies. 23, 24 Vascular flow (TR/ TE ¼ 9/5 ms, 25 flip angle, 256 Â 128 matrix, 2 signal averages) was determined in the distal cervical ICA, vertebral arteries, and internal jugular veins axially, superior to the carotid bifurcation where the ICA walls are parallel ( Figure 1 ). We measured venous sinus flow (TR/TE ¼ 9/5 ms (approx.), 25 flip angle, 256 Â 128 matrix, 2 signal averages) in the superior sagittal sinus, straight sinus, and transverse sinuses. A coronal-oblique slice that intersected the superior sagittal sinus at 2 cm above the torcular and through the midpoint of straight sinus was selected. We also measured CSF flow through slices perpendicular to the cerebral aqueduct (TR/TE ¼ 11/6.5 ms (approx.), 20 flip angle, 256 Â 256 matrix, 2 signal averages) and axially at C2-C3 level (TR/TE ¼ 11/7 ms (approx.), 20 flip angle, 256 Â 128 matrix, 3 signal averages). All velocities were measured at 32 time points during the cardiac cycle, with velocity coding value set to 70 cm/s for neck arteries, 50 cm/s for brain sinuses, 10 cm/s for aqueduct CSF, and 6 cm/s for cervical CSF. Views per segment were set to 2 in all phase-contrast MRI scans. We acquired structural images including T1-weighted, T2-weighted, fluid attenuation inversion recovery (FLAIR) and gradientecho (GRE) images using the acquisitions that we have reported previously. 25 
Peripheral hemodynamic measurements
In order to assess the vessel stiffness in peripheral circulation, we also measured carotid-radial pulse wave velocity (PWV) and aortic augmentation index (AIx) using a tonometry device (SphygmoCor, Sydney, Australia) in a supine position. We obtained sequential recordings of radial and carotid artery pressure waveforms via a transducer with a small sensor. We measured the distances from the suprasternal notch to the carotid and radial artery sampling sites and calculated the difference between the two distances. We then calculated PWV as the ratio of the distance in meters to the transit time in seconds. We also obtained the aortic pressure waveform and AIx automatically from the device using a generalized transfer function to correct for upper limb pressure amplification. AIx was calculated as the aortic augmentation pressure divided by aortic pulse pressure which was then normalised to a heart rate of 75 bpm.
Image processing
Structural imaging analysis. All imaging analysts (DAD, MJT, YS, JMW) were blinded to patients' clinical data and haemodynamic measures generated from phase-contrast MRI. Structural image acquisitions were co-registered within each subject. 26 WMH were automatically calculated by validated software which first registered diffeomorphically a cohort-specific white matter probability map to each subject using T1W image data. 27 This provided a ''clean'' estimate of the white matter for each subject, e.g. a white matter surface without gaps/holes created by WMH. Hyperintense outliers were identified on FLAIR by transforming each voxel to a standard (z) score. 28 Voxels with z ! 1.5 and within the estimated white matter surface were initially defined as WMH. Final WMH estimates were defined by 3D smoothing to reduce noise and account for partial volumes around WMH edges. WMH masks were then manually corrected for each participant and stroke lesions were excluded manually according to STRIVE guidelines 17 and supervision from an experienced neuroradiologist (JMW). A stroke lesion on FLAIR was defined as a hyperintense area with a corresponding increased signal on patient's DWI scan at the initial diagnostic stage and/or compatible with relevant stroke symptoms. Cortical grey matter, subcortical grey matter, white matter and cerebellum were segmented using within subject T1 intensity data and population specific probability maps, which also gives the whole brain volume. 29 Intracranial volume (ICV) was calculated in two stages: firstly by running FSL's Brain Extraction Tool on the GRE image from each patient; secondly, hypointense outliers (generally skull and bone in GRE) were automatically removed via Z scores. Any hypointensities within the cranial vault (e.g. microbleeds) were refilled using the MATLAB fill holes function. Finally, ICVs were checked and edited by trained image analysts (YS) and overseen by a consultant neuroradiologist (JMW). As well as quantitative volumetrics, periventricular and deep WMH were assessed using clinical scoring with the Fazekas scale from 0 to 3 in deep and periventricular WMH, giving a total Fazekas score when summed out of 6. 30 We also rated the PVS 17 according to a validated semiquantitative scale from 0 to 4 in basal ganglia and centrum semiovale. 18 Flow and pulsatility measurements. To determine flow values, we manually drew regions of interest (ROI) around ICAs, vertebral arteries, internal jugular veins, venous sinuses, aqueduct, and cervical subarachnoid spaces on images of each patient. We corrected the background phase error by carefully placing background ROIs close to but not including the studied ROIs and then subtracted the mean velocity of the background ROIs 31 (Supplementary Material). The sums of the flow in ICAs and vertebral arteries on both sides gave the value of total arterial flow. The sum of the flow in transverse sinuses and internal jugular veins on both sides represented total transverse sinus and internal jugular vein flow, respectively. We calculated the CBF as mL/min and also normalised the CBF to total brain volume in order to estimate CBF per brain volume (mL/min/100 ml). For each vessel, the PI was calculated from an adapted Gosling's equation ((Flow maximum -Flow minimum )/ Flow mean ). We also calculated a resistance index (RI) for the vessels ((Flow maximum -Flow minimum )/ Flow maximum ).
We calculated the net CSF flow in the aqueduct and cervical subarachnoid space, by integrating positive and negative flow values in caudal and cranial directions, the stroke volume by averaging the absolute flow volume in both directions. These methods for CSF data processing were similar to those reported in a previous study. 32 In order to determine the timing of pulse wave transmission through the brain, we first normalised all cardiac cycle durations to 1 s (i.e. a standardised cardiac cycle), because heart rates were slightly different during the CSF and blood flow acquisitions and varied across patients. We used a similar method to that published previously. 24 We then measured the delay from the arterial waveform peak to the peaks in other vessels or CSF spaces in each patient ( Figure 1 ).
Reproducibility analysis.
In order to test the reproducibility of the above-mentioned flow and pulsatility measures and the overall data processing methods, we also recruited 10 healthy volunteers who received two repeated phase-contrast MRI scans. Most of these measures had a good reproducibility with a within-subject coefficient of variation of less than 10% (details shown in Supplementary Material).
Statistical analysis
The sample size was determined to detect an effect in a similar vascular function measure called cerebrovascular reactivity (CVR), since very little data were available for PI in veins or CSF. We estimated from the literature that it would be possible to detect a relative difference in CVR of 25%, standard deviation 40%, between those with high SVD scores and low SVD scores with 80% power and alpha level 0.05. This estimated a sample size of 40 participants; however, we aimed to include 60 patients to allow for technical failures or patient withdrawal from the procedure, for multivariate analysis and to increase the possibility of detecting effects on the other vascular function measures.
We performed all statistical analyses using Rstudio version 1.0.136 (RStudio Inc., Boston, MA) and SPSS version 21 (SPSS Inc., Chicago, IL). Differences in continuous variables between Fazekas groups were assessed by analysis of variance (ANOVA), and independent sample t-tests for two-way comparisons. Differences in frequencies were compared by Chisquare tests. We used repeated measures ANOVA to compare all waveform peak delays with each other and obtained P values after Bonferroni correction for multiple comparisons.
We used linear regression models for continuous outcome variables, such as WMH as a percentage of ICV, and ordered logistic regression models for ordinal outcome variables, such as PVS score. We used CBF values that were normalised to brain volume for the following comparisons and regression models. For all regression analyses, we performed both univariate and multiple regression models with adjustment for important confounding factors or proposed predictors of SVD, including age (years) at study visit, gender and mean arterial pressure (MAP). The numbers of covariates were limited to three due to our relatively small sample size. We natural-log transformed the WMH volume (%ICV) in all the linear regression models to obtain normally distributed residuals. In all models, values of P < 0.05 were considered significant.
We reported this study according to the checklist of strengthening the reporting of observational studies in epidemiology (STROBE) statement.
Results
Patient characteristics (Table 1) We recruited 60 patients, of whom 56 (40% male; mean age 67.8 AE 8.27 years old, range 52-83) had complete MRI data. One patient did not complete the MRI scan due to claustrophobia and another due to a finding of subdural hematoma. We excluded data from another two patients because of poor peripheral pulse signal during phase-contrast MRI scans. The stroke subtype was lacunar in 36/56 and cortical in 20/56 patients. The supine blood pressure immediately after MRI scan was 138.6 AE 21.6/81.0 AE 12.0 mmHg. Median WMH volume was 10.7 mL (range 1.4-75.0 mL), representing median 0.77% (range 0.11-5.17%) of ICV. Most patients had mild to moderate SVD. In univariate comparisons, patients with higher total Fazekas score were significantly older, had more lacunes, microbleeds and higher PVS scores. There was no significant difference in gender, stroke subtype (lacunar vs. cortical stroke) and other vascular risk factors between WMH severity groups.
Summary of CBF and pulsatility measures
Patients (Table 2) . Mean total cerebral arterial flow was 60.17 AE 9.52 mL/min per 100 mL brain volume (654.32 AE 113.00 mL/min). Mean total transverse sinus flow was 51.98 AE 11.34 per 100 mL brain volume (562.67 AE 117.00 mL/min), and mean total internal jugular vein flow was 48.12 AE 14.82 per 100 mL brain volume (521.98 AE 163.56 mL/min). PI was highest in arteries (e.g. 1.27 AE 0.31 in ICA), followed by internal jugular veins (0.94 AE 0.52) and lowest in venous sinuses (e.g. 0.58 AE 0.24 in superior sagittal sinus). The minimum, maximum and median flow rate for each vascular waveform is provided in Supplementary Table S3 . Flow waveform peak delays (with reference to arterial peak) were significantly different across veins and CSF spaces, being shortest in the cervical subarachnoid space (0.05 AE 0.08 s), followed by internal jugular veins and dural venous sinuses, and longest in the aqueduct (0.18 AE 0.07 s). There was no significant difference in any flow or pulsatility measure between patients with cortical and lacunar stroke. Table S1 ). Mean total cerebral arterial flow was 776.90 AE 125.33 mL/min. Mean total transverse sinus flow was 638.62 AE 113.78 mL/min and mean internal jugular vein flow was 597.47 AE 195.05 mL/min. PI was 1.00 AE 0.15 in the ICA, 0.57 AE 0.30 in the internal jugular veins, and 0.29 AE 0.09 -0.33 AE 0.09 in the venous sinuses. Flow peak delays were also shortest in the cervical subarachnoid space (0.04 AE 0.05 s), followed by venous sinuses (from 0.12 AE 0.13 to 0.20 AE 0.15 s), and longest in the aqueduct (0.21 AE 0.05 s).
Healthy volunteers (Supplementary
Relationship between CBF, pulsatility measures and SVD features
Univariate comparisons with WMH severity ( Figure  2) . Figure 2 shows that the PI in most vessels increased incrementally per point increase in total Fazekas score, which was statistically significant in all the venous sinuses (e.g. in superior sagittal sinus, the PI in Fazekas score groups 1-2 vs. 3-4 vs. 5-6 was 0.48 AE 0.12 vs. 0.60 AE 0.24 vs. 0.73 AE 0.32 respectively, P ¼ 0.007).
Internal jugular vein-to-artery and aqueduct-toartery pulse wave peak time delays significantly decreased with increasing total Fazekas score (e.g. artery-aqueduct peak time differences by Fazekas score 1-2 vs. 3-4 vs. 5-6 were 0.21 AE 0.07 vs. 0.17 AE 0.06 vs. 0.16 AE 0.08 s, respectively, P ¼ 0.05). Otherwise there were no significant differences in delays in other locations across Fazekas groups ( Supplementary Table S4 ).
There were no significant differences of CBF across Fazekas groups. We also did not observe significant differences in CSF pulsatility measures by Fazekas group ( Supplementary Table S4 ).
We Tables S5 and S6 ). Table 3) . There was a weak and non-significant univariate association between lower total arterial flow and WMH volume (b ¼ À0.024, P ¼ 0.065) (plot A in Figure 3 ), which disappeared completely when adjusted for age, gender and MAP (b ¼ À0.018, P ¼ 0.153). There was no association between venous flow and WMH.
Linear regression analyses of CBF and pulsatility on WMH volume (
In univariate regression models, higher PI in the ICA (b ¼ 0.841, P ¼ 0.038) and in all venous sinuses (e.g. transverse sinus: b ¼ 1.399, P ¼ 0.028) were significantly associated with larger WMH volume (plot B in Figure 3 ). After correcting for age, gender and MAP, only higher PI in the superior sagittal and transverse sinuses remained significant (e.g. transverse sinus: b ¼ 1.364, P ¼ 0.008), but not in the ICA (b ¼ 0.435, P ¼ 0.236). There was no significant association between pulsatility in the internal jugular veins and WMH.
We did not observe any significant association between CSF pulsatility measures or waveform peak delays and WMH ( Supplementary Tables S7 and S8) .
The associations between RI in these vessels and WMH were similar to the associations seen for PI ( Supplementary Table S9 ).
In all the multiple linear regression models, older age remained a strong predictor of WMH (b & 0.06, P < 0.001). 
Ordered logistic regression analyses of CBF and pulsatility on PVS scores
PVS in the basal ganglia (Table 4 ). In both univariate and multiple regression models, there were no associations between arterial or venous CBF and PVS in the basal ganglia, apart from a very weak association between higher internal jugular vein flow and higher PVS score (OR ¼ 1.047, 95% confidence interval (CI) [1.005, 1.09] per mL/min/100 brain volume) after adjustment for age, gender and MAP.
Higher PI in all venous sinuses, but not arteries or internal jugular veins, was significantly associated with higher PVS score in the basal ganglia, in both nonadjusted models (e.g. OR ¼ 1.532, 95%CI [1.120, 2.095] per 0.1 increase in straight sinus PI) and models adjusted for age, MAP and gender (OR ¼ 1.502, 95%CI [1.085, 2.079] per 0.1 increase in straight sinus PI). Older age was significantly associated with more PVS in all models (OR & 1.1 per year older).
There were no associations between CSF pulsatility or waveform peak delays and PVS score in the basal ganglia (Supplementary Tables S10 and S11).
Results for RI were similar to those observed in PI ( Supplementary Table S12 ).
PVS in the centrum semiovale. Apart from older age (OR & 1.1 per year older), we did not observe any associations between CBF or pulsatility in brain vessels or CSF and PVS in the centrum semiovale (Supplementary Tables S13 to S15).
Relationship between carotid-radial PWV, aortic AIx and SVD features (Supplementary Tables S16 to S18)
Higher aortic AIx was significantly associated with higher PVS score in both the basal ganglia (OR ¼ 1.11, 95% CI [1.03, 1.22] per % increase in aortic AIx) and the centrum semiovale (OR ¼ 1.08, 95% CI [1.01, 1.16] per % increase in aortic AIx) after adjustment for age, blood pressure and gender. We did not find significant associations between aortic AIx and WMH volume, or between carotidradial PWV and any of the SVD features after the correction for age, gender and blood pressure.
Discussion
We investigated the cross-sectional relationship between CBF, intracranial pulsatility measures in cerebral arteries, veins and CSF, and SVD features, especially between these haemodynamics and PVS for the first time (summary of main results in Figure 3 ). Pulsatility in the venous sinuses increased significantly with WMH burden and basal ganglia PVS scores, independent of age, sex and MAP. Increased aortic AIx was also associated with PVS score in both basal ganglia and centrum semiovale. Shorter aqueduct-and internal jugular vein-to-artery waveform peak delays were observed in those with higher Fazekas scores, but were not associated with WMH volume or PVS scores. CSF pulsatility was not associated with WMH or PVS. Consistent with the existing literature, 5 we found no association between CBF and any measure of WMH. The lack of association between CBF and PVS is a novel finding. We did not find any differences in CBF or pulsatility indices between patients with cortical and lacunar stroke, but both groups were similarly affected by SVD. These data support the concept that high cerebrovascular pulsatility is an important pathophysiological component of SVD.
The strengths of this study include recruitment of representative patients with minor stroke stratified carefully by SVD lesion burden, careful stroke classification and assessment of SVD features by specialists with standardised well-established image processing, assessment of the relationship between intracranial pulsatility and PVS for the first time, and adjustment for important confounders in the statistical analysis. Weaknesses include the sample size (n ¼ 56) that limited power for very comprehensive multivariate analysis, albeit large for a complex and the cross-sectional nature of the analysis, thus we were unable to address Figure 3 . Schematic summary of main results with representative plots. Since it is difficult to plot multivariable models, we used univariate plots instead, but the trends of the results were consistent with those from multivariable models. The four plots in the right panel include scatterplots for associations between WMH volume / ICV ratio and total arterial flow (a) and PI in superior sagittal sinus (b), and boxplots for associations between basal ganglia PVS score and total arterial flow (c) and superior sagittal sinus PI (d). b coefficients and P values in scatterplots were from univariate regression models, in which WMH volume/ICV was natural logged due to non-normally distributed residuals in the models. P values in boxplots were from univariate comparisons of the above-mentioned haemodynamics between PVS score groups. We also summarised the main results from multivariable models in the bottom left panel of this figure. SVD: small vessel disease; WMH: white matter hyperintensities; ICV: intracranial volume; PI: pulsatility index; BG: basal ganglia; PVS: perivascular spaces; CBF: cerebral blood flow; ICA: internal carotid artery.
any causal relationship between cerebral haemodynamic and SVD. We were also not able to measure smaller vessels (e.g. penetrating arterioles) due to limited MRI resolution, or acquire independent CBF measures such as arterial spin labelling MRI. However, methods to assess PI in penetrating arterioles are currently restricted to 7 T MRI and in the early stages of development and our CBF measures were consistent with known values per brain weight.
Age was prominently associated with WMH and PVS, which emphasises the importance of adjustment for age in any SVD-related analysis. The lack of association between CBF and WMH in our patients is consistent with previous evidence from large-scale cross-sectional studies and especially longitudinal studies. 6, [33] [34] [35] Some smaller studies did show that low CBF was associated with more WMH, but most did not account for the confounding effect of age and brain tissue loss in this relationship. 5 In several longitudinal studies, high baseline WMH burden predicted decreasing CBF rather than the opposite. 5, 6, 35 We also noticed that the blood flow in the internal jugular veins was similar to, but less than, arterial flow (ICA þ vertebral arteries), which might be due to a small amount of blood draining through the extra-jugular venous systems such as vertebral, cavernous or deep neck venous plexi. 36 This study is the first to observe the relationship between increased cerebrovascular (venous sinus) pulsatility and basal ganglia PVS in humans. Other indirect clinical evidence comes from a population-based study (n ¼ 1009, age 68 AE 8 years) which showed that higher brachial pulse pressure was associated with PVS. 37 We also found that high PI was only associated with basal ganglia but not centrum semiovale PVS, which might reflect known differences in the arterioles in the two regions and with apparent differences in associations of PVS in the two locations, for example basal ganglia PVS may be more associated with inflammation, 19 hypertension 38 or lacunar stroke, 18 and centrum semiovale PVS more with cerebral amyloid angiography. 38 One mathematical hypothetical model also suggests that in hypertension, the arteriolar pressure in the basal ganglia is higher than in cortical vessels. 39 However, despite the hypothetical differences in PVS in these two locations, they are strongly co-associated, 40 and we found PVS score in both locations to be significantly associated with aortic AIx, which is an indicator of aortic stiffness. Another explanation for the differences might be that it is more difficult to rate PVS in the centrum semiovale due to more WMH than in the basal ganglia. 41 Thus, before more data and more detailed studies are available, it might be too soon to conclude on the differences in the mechanisms of the two. We suggest that future studies should collect information on PVS in both sites.
The relationship between ICA pulsatility and WMH partly reflects a co-association with age and is consistent with a previous study (n ¼ 122, age 63.73 AE 10.85 years), 42 but in Lothian Birth Cohort (n ¼ 694, age 72.6 AE 0.7 years), high ICA PI remained associated with WMH after adjustment for age. 13 The wide age range and smaller size of our study may have made it difficult for us to untangle the confounding effect of age on ICA PI-WMH, a relationship which appears to be inherently weaker than venous PI-WMH. This may also explain the lack of association between ICA pulsatility and PVS, despite the suggestion in animal and mathematical models that arterial pulsatility is the key driver of fluid dynamics in PVSs. 21, 43 We did not find any significant association between vertebral artery pulsatility and WMH or PVS, perhaps reflecting the low flow volume in the vertebral arteries. There were also no significant associations between carotidradial PWV, and WMH or PVS, which might be due to different aging processes in muscular arteries compared to aorta and cerebral vessels. 44 Unlike in the arteries, PI in the superior sagittal and transverse sinuses remained strongly associated with WMH independent of age and MAP. The relationship between high venous sinus pulsatility and white matter damage was also observed in patients with idiopathic dementia (n ¼ 60, age 75 AE 8 years) 32 and in a healthy population (n ¼ 70, 43-82 years). 12 A recent study also found that patients with Alzheimer's disease (n ¼ 26, 57-89 years) had higher venous PI compared to agematched controls. 45 There is possibly a shared aetiology between WMH and PVS. PVS is associated with WMH, 18 and both PVS and WMH were associated with impaired blood-brain barrier (BBB). 46, 47 High pulsatile flow along with increased sheer stress could lead to endothelial damage and deteriorate the BBB, 48 which might cause glial damage in the white matter. Increased pulsatility could also affect cerebral interstitial fluid drainage in PVSs, 21, 43 thus the deposition of toxic waste product might induce brain tissue damage or blockage in the PVSs, which would eventually result in WMH and increased PVS visibility. More evidence at the microscopic level is needed.
Although venous pulsatility was consistently associated with two main SVD features, its implication remains unclear. One hypothesis suggests that the systolic arterial expansion produces a pressure wave within the CSF spaces, which is then partly transmitted into the major dural sinuses via arachnoid granulations. 11 Thus, high venous pulsatility might indicate inefficient dampening of the arterial pulse, but how the pulse is transmitted through the older brain is largely underresearched. One study showed that the pulse transmission in the brain was from the skull base to the cortex, 49 similar to our findings that the waveform peak delay time from arteries was shortest in the cervical CSF, then the transverse and straight sinuses, and longest in the superior sagittal sinus. Venous pulsatility might also come partly from capillaries. Increased capillary pulsatility from less dampened arterial pulse could be transmitted to veins through blood flow or inward expansion. 11 However, the relationship between capillary and venous pulsatility is uncertain. As sufficient venous backpressure is important for maintaining a constant capillary flow, 11 venous pathologies may also result in increased capillary pulsatility, which could then cause endothelial failure and abnormalities in fluid exchange and waste product clearance via PVSs. 50 Indeed, there are autopsy studies (n ¼ 13, age > 60 years) showing collagenous thickening in periventricular venules which was associated with PVWMH severity, 51 but it is unknown whether the venule damage was caused by excessive pressure filtered from arteries or was an intrinsic pathology. It is likely that pathologies in arterioles and venules coexist. Future SVD studies including pathology, clinical or any models, should consider both arteries and veins.
We did not find associations between CSF stroke volume or systolic duration and SVD features. Some studies found a CSF pulsatility-WMH association 52, 53 but some did not, 12 and the indices used to represent CSF pulsatility varied. Theoretically, PVS are related to perivascular CSF dynamics driven by arterial pulsation, but the indices used here were not designed to detect this pulse at the microscopic level. There is suggestion that shorter artery-to-aqueduct peak delay might represent capillary dysfunction in patients with late-life depression and high WMH burden, 22 but we did not find associations between any peak delays and WMH volume. 2D phase-contrast MRI has limited temporal resolution and the reliability of the pulse wave peak delays still requires more research. Further research would benefit from improved imaging techniques with high temporal and spatial resolution to detect small vessels in more detail, and intracranial pulsation with higher sensitivity.
